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Load-induced strains applied to bone can stimulate its development and adaptation. In order to quantify the incident strains
within the skeleton, in vivo implementation of strain gauges on the surfaces of bone is typically used. However, in vivo strain
measurements require invasive methodology that is challenging and limited to certain regions of superficial bones only such
as the anterior surface of the tibia. Based on our previous study [Al Nazer et al. (2008) J Biomech. 41:1036–1043], an
alternative numerical approach to analyse in vivo strains based on the flexible multibody simulation approach was proposed.
The purpose of this study was to extend the idea of using the flexible multibody approach in the analysis of bone strains
during physical activity through integrating the magnetic resonance imaging (MRI) techniquewithin the framework. In order
to investigate the reliability and validity of the proposed approach, a three-dimensional full body musculoskeletal model
with a flexible tibia was used as a demonstration example. The model was used in a forward dynamics simulation in order to
predict the tibial strains during walking on a level exercise. The flexible tibial model was developed using the actual
geometry of human tibia, which was obtained from three-dimensional reconstruction of MRI. Motion capture data obtained
from walking at constant velocity were used to drive the model during the inverse dynamics simulation in order to teach the
muscles to reproduce the motion in the forward dynamics simulation. Based on the agreement between the literature-based
in vivo strain measurements and the simulated strain results, it can be concluded that the flexible multibody approach
enables reasonable predictions of bone strain in response to dynamic loading. The information obtained from the present
approach can be useful in clinical applications including devising exercises to prevent bone fragility or to accelerate fracture
healing.
Keywords: bone strains; flexible multibody; simulation
1. Introduction
Mechanical forces acting upon bone through joint surfaces
or muscle insertions lead to stress and strain in bone tissue
(Turner 1998). The response of bone tissue to prevalent
loading is called bone functional adaptation. On the basis
of previous studies, the bone adaptive process relies on
dynamic bone strains rather than on static strains (Turner
1998). The in vivo implementation of strain gauges on
bone surfaces, such as the anterior surface of the tibia, has
been used previously (Lanyon et al. 1975; Burr et al. 1996)
in attempts to assess load-induced strains in bone in
various loading situations. However, measuring bone
strains in vivo is invasive, which is challenging and not
feasible for the majority of bones. Multibody musculos-
keletal models can be considered as an important tool in
the field of biomechanics. Numerous models have been
used widely in the analysis of human physical activities
(Eberhard et al. 1999; Spagele et al. 1999) and the
biomechanical consequences of surgical reconstructions
such as tendon transfer (Delp 1990). In all of the previous
multibody musculoskeletal models, bones were assumed
to be rigid bodies, a fact that renders these models
unfeasible for bone strain analysis.
Bone strains have been generally analysed using the
finite element method (Duda et al. 1998; Cheung et al.
2005). However, due to the complex bone geometry, finite
element models used in the stress analysis require fine
element meshes that will result in a large number of nodal
degrees of freedom. For this reason, the numerical
solutions of these models are computationally expensive,
limiting the finite element analyses only to a bone segment
or a single bone. It is also noteworthy that, due to the
expensive computation, finite element models are usually
applied to a static or short-term dynamic solution.
Accordingly, the finite element method is computationally
impractical for dynamic analysis of human musculoske-
letal models where several bones and muscles as well as
their interaction need to be taken into consideration. The
objective of this study was to extend the idea of using the
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flexible multibody simulation approach for dynamic
analysis of bone strains by integrating the magnetic
resonance imaging (MRI) data into the framework. In an
earlier study, Al Nazer et al. (2008) showed that the
flexible multibody simulation approach can be reasonably
used to predict dynamic bone strains during physical
activity. In that study, a lower body musculoskeletal model
with a flexible tibia was used as a demonstration to predict
the tibial strains during walking on a level surface.
However, the flexible tibial model was based on a generic
model of anthropometric variables accessible through the
commercial software. In this study, a three-dimensional
full body musculoskeletal model was used as a
demonstration to simulate walking on a level surface in
order to predict the tibial strains. The flexible bone model
was based on the actual geometry of the subject’s tibia,
which was obtained from a three-dimensional reconstruc-
tion of MRI data.
2. Multibody musculoskeletal model description
The three-dimensional full body musculoskeletal model
presented in this study was developed using the
commercial software BRG.LifeMODE. The software is
based on the commercial multibody software ADAMS.
A graphic representation of the biomechanical model used
in this study is shown in Figure 1.
The model was generated from the anthropometric
database accessible through the software based on the
experimental subject’s height ‘1680 mm’, weight ‘65 kg’,
age ‘52 years’, ethnicity ‘Caucasian’ and gender ‘male’.
The model consists of 19 segments as shown in Figure 1.
All of the segments were assumed to be rigid bodies except
for the right tibia which was assumed to be a flexible body.
The joints used to constrain the segments in the model are
shown in Figure 1. The function of the ligament was
incorporated in the model by means of applying a passive
torque at each degree of freedom of each joint (Pandy
2001). The torsional viscoelastic parameters of the joints
were defined based on passive joint response which can be
found for a number of joints in the literature (Leger and
Milner 2000; Zhang et al. 2000; Amankwah et al. 2004;
Lin et al. 2005). The present model was actuated by 39
muscle groups including 60 muscles. The paths of the
muscles (i.e. muscle origin and insertion sites) in addition
to the muscles’ physiological cross-sectional areas were
defined according to Eycleshymer and Shoemaker (1970)
and scaled to the model based on the anthropometric data
of the experimental subject. The maximum muscle stress
was assumed to be 87.1 N/cm2 according to Hatze (1981).
The foot–ground contact was modelled using five
spring-damper systems located under each phalanx of
the foot, in addition to one spring-damper system located
under the heel of the foot. The stiffness, damping and full
damping depth values were assumed to be 150 N/mm,
20 Ns/mm and 1 mm, respectively, and were based on the
study of Gilchrist and Winter (1996).
2.1 Flexible tibia
The tibial deformations during walking were estimated
based on the floating frame of reference formulation with
component mode synthesis (Kim and Haug 1990; Shabana
1998). The geometrical configuration of the tibia was
obtained from a three-dimensional reconstruction of MRI
data taken from the right tibia of the subject. The tibial
finite element model was described in ANSYS using a
4-node tetrahedral solid element. Figure 2(1) shows the
finite element model of the right tibia based on MRI data.
In the finite element model of the tibia, nodes at the
knee and ankle joints were selected as boundary nodal
coordinates. The boundary nodes were connected via
massless rigid beams to the nodes at the surface of the tibial
metaphyses, as shown in Figure 2(1). The material
properties of the cortex bone were modelled to be linear
elastic and transversely isotropic. Young’s modulus and
the shear elastic modulus of the cortex bone were assumed
to be 17 and 10 GPa, respectively, in the longitudinal
direction along the bone, whereas they were assumed to be
transversely isotropic with values of 5 and 3.5 GPa,
respectively (Dong and Guo 2004). The total number of
nodal degrees of freedom of the tibial finite element model
Figure 1. Graphic representation of the musculoskeletal model
with joint locations represented as centres of the spheres.
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was 18,384. The software (ANSYS) was used to calculate
the number of Craig–Bampton modes (Craig and Bampton
1968) employed in the floating frame of reference
formulation. The strain energy method was used to select
the significant deformation modes that describe the
deformation of the tibia during the forward dynamics
simulation (Meirovitch 1975). A total number of 11
deformation modes were used in the numerical analysis.
A critical damping ratio of 1 was applied to the selected
modes based on the study of Dias Rodrigues et al. (2004).
Figure 2(2) shows the selected tibial deformation modes
with their natural frequencies which were used in the
forward dynamics analysis to obtain the tibial strains.
3. Simulation procedure
The simulation procedure used in this study comprised both
forward and inverse dynamics simulations. The forward
dynamics simulation is necessary for the purpose of this
study in order to provide a realistic environment for the
simulation where the muscles are the prime movers of the
model. The inverse dynamics simulation was performed to
compute the desired contraction trajectories of the muscles
during the exercise. The markers’ trajectories obtained via
motion capture from the walking test served as input for the
inverse dynamics simulation. In the forward dynamics
simulation, a proportional derivative servo controller was
used to calculate each muscle force required to reproduce
the motion and keep each muscle force within its
physiological limit. This was accomplished by minimising
the error between the desired muscle contraction trajectory
obtained from the inverse dynamics simulation and the
instantaneous one obtained from the forward dynamics
simulation at each simulation time step. The full body
musculoskeletal model with a flexible tibia was employed
in the forward dynamics simulation to predict the
tibial strains resulting from walking on a level surface.
The principal strains were obtained from the model at a
specified location, i.e. from the anteromedial aspect of the
right tibial midshaft, corresponding to the location defined
by Lanyon et al. (1975), Burr et al. (1996) and Milgrom et al.
(2000, 2006). To demonstrate the strain distributions around
the cross section at the middle of the tibial shaft, the axial
strain defined in the direction of the long axis of the tibia was
simulated in four locations corresponding to the locations
defined by Peterman et al. (2001). Experimental measure-
ments of the ground reaction force and electromyography
muscle activity of 10 muscles were used to verify the
introduced model. The measured and modelled patterns of
muscular forces and activities as well as measured and
modelled ground reaction forces were compared using
normalised cross-correlation coefficient (g).
4. Results
Four walking cycles were simulated using a simulation
time step of 0.02 s. The numerical strain results obtained
from the model and their correspondences reported from
the previous in vivo strain measurements (Burr et al. 1996;
Eberhard et al. 1999; Milgrom et al. 2000, 2006) are given
in Table 1. The strain measurements reported in the study
of Peterman et al. (2001) from the seven gauge strain
rosettes about the cortical tibia and their correspondences
obtained from the model are shown in Table 2.
Figure 3 shows the simulated maximum and minimum
principal and maximum shear strains for four walking
cycles. Figure 4 shows the simulated axial strain profiles at
the middle of the tibia in four locations which correspond
most closely to the locations defined by Peterman et al.
(2001).
Figure 2. (1) The tibial finite element model generated based on MRI and used in the forward dynamics simulation for strain analysis.
A, two selected boundary nodes; B, massless rigid beams and C, surface nodes. (2) The selected tibial deformation modes with their
natural frequencies.
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5. Discussion
No significant difference is found between the strain
results obtained from the present model and the previous
in vivo strain measurements (Burr et al. 1996; Eberhard
et al. 1999; Milgrom et al. 2000, 2006). The maximum and
minimum principal strains and maximum shear strain
obtained from the model differ by 15, 4 and 5%,
respectively, with respect to values reported by Lanyon
et al. (1975). The profiles of the maximum and minimum
principal strains shown in Figure 3 seem to be comparable
to their correspondences obtained from the study of
Lanyon et al. (1975). The maximum and minimum
principal strains and maximum shear strain obtained from
the model differ by 23, 17 and 10%, respectively, with
respect to the values obtained in Burr et al. (1996). Yet, the
maximum shear strain curve obtained from the model
appears to be comparable to the one obtained in Burr et al.
(1996). It can be noticed that the strain rate magnitudes
obtained in Burr et al. (1996) are higher than their
correspondences obtained from the model and the other
in vivo strain measurement studies. However, the
minimum strain rate obtained by the model is different
by 12% with respect to the value reported by Burr et al.
(1996). The predicted minimum principal strain and
maximum shear strain rate by the model are almost
identical compared to the values reported in the study of
Milgrom et al. (2000), with an insignificant difference
which can be considered negligible. Furthermore, the
maximum and minimum principal strains predicted by the
model differ by 15 and 32%, respectively, with respect to
the values observed in the study of Milgrom et al. (2006).
Comparing the previous in vivo strain measurements
during walking to the numerical results obtained from the
present model, it can be concluded that the results obtained
from the model are reasonable and consistent with the
in vivo strain data. The differences between the strain
results may be explained on the basis of many aspects such
as the subject’s age, gender, height and weight, in addition
to the experimental techniques used to measure the strains.
The strain distributions obtained from the introduced
model indicate that bending is the primary mode of tibial
loading, as it has been shown in other mammalian long
bones according to the studies of Biewener (1991) and
Garcia and da Silva (2004). It can be noticed from Table 2
that in general the strain values obtained from the model
have acceptable agreement with their correspondences
reported in the study of Peterman et al. (2001), except for
the axial strain obtained at location L7. The discrepancy
between the simulated axial strain at location L7 and its
corresponding measured strain reported in the study of
Peterman et al. (2001) may be explained based on the
location of the neutral axis of bending during the stance
phase. In the introduced model, the strain distributions
represent simulated strains around the cortical tibia at the
middle of the tibial shaft, where the whole tibia is taken
into consideration. On the other hand, in the study of
Table 1. The principal and maximum shear strain magnitudes with their rates. Literature values from in vivo measurements and the
values estimated by the model. The principal and maximum shear strains are obtained from the anteromedial aspect of the tibial midshaft,
which is the same location in all of the studies mentioned in the table.
Strain magnitude (microstrain) Strain rate (microstrain/s)
Max principal Min principal Max shear Max Min Max shear
Lanyon et al. (1975) 395 2434 829 Not reported 24000 Not reported
Burr et al. (1996) 437 2544 871 11,006 27183 16,162
Milgrom et al. (2000) 840 2454 1183 3955 23306 10,303
Milgrom et al. (2006) 394 2672 Not reported 4683 23820 Not reported
Simulated model 335 2453 785 6000 26300 10,230
Table 2. Strain distribution magnitudes about the cortical tibia
obtained from the introduced model and their correspondences
reported in the study of Peterman et al. (2001).
Locations and type
of strains
Peterman
et al. (2001)
(mean*, peak)
(microstrain)
Simulated
model
(microstrain)
L1
Axial strain 505*, 989 451
Maximum principal strain 603*, 1088 452
Minimum principal strain 2155*, 2240 2368
Maximum shear 670*, 1185 820
L2
Axial strain 600* 283
L3
Axial strain 2500* 2257
L4
Axial strain 21400* 2675
L5
Axial strain 21020*, 21864 2673
Maximum principal strain 369*, 674 471
Minimum principal strain 21055*, 21926 2677
Maximum shear 1293*, 2317 1148
L6
Axial strain 21200* 2584
L7
Axial strain 0* 2273
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Figure 4. Simulated axial strain curves at the two anterior and two posterior sites around the cortical tibia at the middle of the tibial shaft
during the stance phase. The shape represents the cortical cross-sectional geometry at the middle of the subject’s tibia.
Figure 3. Simulated maximum, minimum principal strain and maximum shear strain curves at the anteromedial aspect of the right tibial
shaft for four walking cycles. Bolded line corresponds for one walking cycle.
Computer Methods in Biomechanics and Biomedical Engineering 577
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Peterman et al. (2001), the strain distributions represent
measured strains around the cortical tibia at the middle of
the tibial shaft, where the tibia is harvested 180 mm above
the ankle. Therefore, the location of the neutral axis of
bending in the tibia of the introduced model might differ
from the one reported in the study of Peterman et al.
(2001). In the study of Peterman et al. (2001), the axial
strains measured at location L7 nearly averaged to zero
due to the proximity of this location to the neutral axis of
bending during the stance phase, as stated in that study.
On the other hand, in the introduced model it seems that
location L7 experiences compressive stress during the
stance phase. However, an agreement can be found
between the axial strain obtained from the introduced
model at location L7 and its correspondence measured
from in vivo and in vitro in the study of Milgrom et al.
(2004). Based on the agreement between the predicted
strains by the present model and the previous in vitro strain
measurement study (Peterman et al. 2001), it can be
concluded that the model is able to predict the strain
distributions around the cortical tibia during changing
mechanical loading environment in the gait stance phase.
Moreover, comparing the strain results obtained from
the present model where the tibial model is based on a
three-dimensional reconstruction of MRI with their
correspondences obtained from our previous model
(Al Nazer et al. 2008), where the flexible tibial model
was based on a generic model of anthropometric variables
accessible through the commercial software, it was
concluded that they are in an acceptable agreement.
However, the results obtained from the present model can
be considered more reliable as the flexible tibial model
reflects the actual geometry of the subject’s tibia. The
introduced model was mainly limited to the procedure
used for muscular forces estimation. Some discrepancy
was found between the measured muscular activities and
estimated muscular force patterns by the model (g ¼ 0.3–
0.9). On the other hand, the model showed an acceptable
accuracy in mimicking the real mechanical loading
environment of the ground reaction force measured from
the experiment (g ¼ 0.95).
6. Conclusions
The bone strain environment plays a crucial role in the
process of bone (re)modelling. Although the in vivo tibial
strain measurement is an invasive procedure and requires
surgical implementation of strain gauges and involves
risks (e.g. infection), the present flexible multibody
approach appeared to perform reasonably in estimating
dynamic bone strains. The integration of the MRI
technique improves the accuracy of the finite element
model of the bone and simulation of bone strains, as the
flexible bone model reflects the realistic geometry of the
bone. There are a number of future opportunities for
research and development with the potential for develop-
ing other flexible multibody biomechanical models
employing the MRI technique. These may include the
following medical applications: (1) assessing the strain
patterns in bones that are not directly accessible in vivo;
(2) designing targeted physical training exercises (i.e.
those producing a desired strain pattern) to improve
skeletal rigidity; (3) developing implants by applying
dynamic strain analysis to assess how the implant material
behaves under loading and (4) performing detailed internal
strain analysis, e.g. in the field of joint prostheses.
A detailed strain analysis might require quantitative
computed tomography scanning of the bone so that the
inhomogeneous density and elasticity distribution of the
bone as well as its internal structure could be better
considered. Finally, it can be hypothesised that a more
sophisticated muscle model and attachments as well as
bone material properties could further lead to a more
accurate simulation of bone strains using the flexible
multibody approach presented in this study.
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